The principles of morphometry permit the determination of volume fraction ratio, surface volume and numerical density of structures, as well as other parameters, to be accurately measured. Mathematical formulae and modern instrumentation allow for reliable and reproducible quantification of biological structures. The measurements obtained from structures which are quantitated can be statistically tested thus leading to the precise analysis of obvious or subtle changes. To the toxicologist or pathologist the quantification of structural change can often aid in the understanding of the cellular mechanisms of toxicity, the interpretation of structure function relationships, and in determining whether a drug induced change has indeed occurred.
INTRODUCTION
Since the 1960's there has been increasing use of various methodologies which quantitate structures at cellular and subcellular levels. The quantification of structures is applicable in many areas of cell biology, tissue culture research, pathology and electron microscopy as applied to drug research. Quantitative data can be a decisive factor in the interpretation of changes in biological structures. Furthermore, quantitative data can be statistically tested, thus proving useful for the analysis of obvious or subtle structural changes and providing confidence in results.
The method which enables one to measure and quantitate structures in a 2-dimensional state is called morphometry. A 2-dimensional state to the microscopist is represented by a slice or section of material, such as a paraffin section or a thin section as used in electron microscopy. The quantitative analysis of biological structures reconstructed from a 2& mensional measurement to a 3-dimensional state, is called stereology. Thus, morphometric analysis permits direct measurements from a 2-dimensional plane, and stereology allows us to interpret these quantitative measurements into a %dimensional structure.
Quantitative analysis of biological samples can be extremely useful for the interpretation of structural change and for the understanding of structure vs. function correlations. Several reviews have dealt with the use of morphometric techniques as applied to veterinary pathology (l), experimental pathology (Z), electron microscopy (3, 4) , cell biology (5), and correlated morphometric-biochemical studies (6, 7). It is the goal of this paper to review the basic principles, applications, and instrumentation associated with quantitative morphometric techniques.
PRINCIPLES OF STEREOLOGY
The principles and methods of morphometry and stereology are based on mathematical formulae that consider the probability of measuring profiles of structures by randomly cutting those structures. Quantitative relationships exist between the average dimensions of a r-epresentative number of organelles and €he dimensions of their profiles on sections. When statistical conditions are satisfied, the summed total of the profiles of a structure in the area of a section is representative of the aggregate of organelles contained within a unit volume (8) .
The basic principle of stereology was established in 1847 by Delesse. His principle states that the volume density ~~~ of a component is proportional to the area density (AA) of its profiles on a random section through the matrix containing the component, this concept,
is called the volume fraction ratio ( Figure 1A ).
In Either the total area (AA) of profiles of structures, the fractional portion of a line (LL) lying over the profiles of structures, or the number of test points (Pp) over a structure divided by the total area, length, or number of points of the test system, will determine the volume fraction ratio of a structure.
A more detailed review of these principles has been presented by several authors (8, 9, 10, 11) . The main features for measuring volume density ratios is that there need not exist 0 A VV'AA
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Integration C. Point Counting any special properties of the object being analyzed, except that it be recognizable, randomly distributed, and randomly orientated with respect to the test pattern or plane. These different methods of measuring volume fraction ratios have application to various situations and the degree of sophistication of instrumentation used; however, their end point is still the determination of the volume fraction ratio of structures.
Two other sterological measurements use ful for the interpretation of structures are surface density (SV) and numerical density (Nv). Both of these parameters can be obtained from glass slides or electron micrographs without extensive formulation (8). Surface density or surface area represents the measurement of the membrane covering of cells or organelles. This may be represented as cell membranes, nuclear membranes, external or internal membranes of mitochondria, or other organelle coverings. Numerical density (Nv) represents an estimate of the number of particulate structures contained in a unit volume of tissue. It is a meaningful mesurement where the number of organelles, inclusion bodies or particles per containing volume is of importance for the evaluation being performed. A variety of other stereological parameters are also available (5, 8, 9) .
METHODS A N D lNSTRUMENTATlON
Standardization of basic laboratory techniques facilitate in the objective interpretation of morphometri~ data. Preparation of fixatives, buffers and embedding materials should be consistent between groups and experiments in order to increase the validity and minimize any artifactual differences that may arise between working variables. Light and electron microscopic fields for survey and photography should be selected at random, but should be representative of the material to be analyzed (3). Generally speaking, magnification should be low enough to encompass a broad picture of the tissues' typical morphology, but without losing the detail needed in order to analyze the structures in question. Thus, the magnification used should be determined by the size of the organelle to be analyzed.
The selection of experimental animal tissues and blocks, and the determination of fields, light and electron microscopic, to be utilized in a quantitative evaluation should be performed in an unbiased manner (2 , 3, 4) . The number of structures to be analyzed depends largely on the individual constraints of the study: i.e., degree of accuracy, time allotment and cost (4, 12) . There are no specific sampling procedures which one must follow to conduct a morphome~ric study. However, review of available published reports and possibly the conduct of a pilot study will adequately orientate one in this area.
The increasing use of quantitative image analysis has led to the development of instrumentation with various degrees of sophistication for rapid, accurate and reproducible results. lnstrumentation can be divided into three categories: manual, semi-automated or operator-interactive systems and fully automated systems, each of which will be briefly reviewed.
~a n u a l Analysis
For many years, light microscopists have utilized various integrater and linear analyzer eye-piece reticules for the manual determination of morphological measurements. A manual technique for the analysis of electrovmicrographs consists of superimposing a tkansparency over enlarged electron micrographs and performing a linear integration count or point count of structures. A greater chance f o a error exists in manual rather than in automated or semi-automated methods. Manual methods are accurate if a statistically significant number of samples are measured. Although relatively inexpensive, manual procedures are obviously rather time-consuming.
Semi-Automated Systems
The methods and instrumentation that utilize the semi-automated or operator-interactive concept, appear the best to implement the microscopist. This type of system is designed to minimze many of the major disadvantages of both the manual and fully automated systems. With this type of system, the operator has full control over what is to be measured by outlining or delineating distances of the structures of interest: consequently, this type of analysis is called operator-interactive. Instrumentation of this type operates on physical or electronic impulses to generate coordinate data, which may then be calculated, evaluated and transformed into meaningful geometric data by microprocessors. Through the use of microprocessors, the simple tracing of a structure from a glass slide, negative or photograph is all that is needed to obtain stereological and statistical data.
Operator-interactive systems take advantage of the fact that the observer's eye is an excellent integrating device, and observer judgment is the most effective decision maker. These instruments lack the speed but are far less complex and expensive than fully automated systems. Such methods can be performed quickly and yield a high degree of accuracy.
Fully Automated Systems
Fully automatic image analysis systems usually operate on a video scanning principle. They employ a video camera, image processor, video monitor and a special purpose computer. These systems operate on predetermined gray-levels which the operator establishes prior to making the analysis. This type of equipment enables the discriminated features to have a wide range of geometric parameters computed simultaneously. However, such devices depend highly on image quality, illumination and contrast. They are best suited for the analysis of images or structures with well defined boundaries and sufficient contrast, such as red blood cells or organic and metallic particles.
Fully automatic image analysis equipment is definitely the fastest method of obtaining structural measurements. However, because of the video scanning techniques employed, suitable grey level thresholds must be set to discriminate what is being measured from the background matrix. This condition is not always compatible with biological material such as in an H&E paraffin section or relatively low contrast electron micrograph.
A P P LI CAT I o NS
In the past various papers have 'dealt with the ~pplications of quantitative analysis of biological structures, The liver has been sludied extensively by methods which illustrate and analyze changes such as hepatocyte size and organelle structure (1, 2, 5, 7) in various species. Morphometry in experimental pathology has been used to study changes in the adrenal cortex, the prostate, epididymis, superior cervical ganglion, lung and the uterus. ( 2 , 3) Morphometric applications have also been applied to the study of mitochondria in methyl mercury treated rats (13), arsenic treated rats (14) , as well as homogenized hepatocytic membranes.. (15) In our laboratory, we have applied the techniques of morphometry in two areas. The first has dealt with measuring the volume fraction ratio of hepatic microbodies (peroxisomes) in rats treated with various hypolipidemic cpmpounds. In four completed studies, comparison of control data reveals reproducible results (Table 1 ). They show that there was a less than 3% deviation from the mean volume fraction ratio of microbodies (1.06%) between these studies. These figures confirm that a high degree of accuracy and reproducibility can exist in the use of morphometric techniques. The data are then used for the statistical comparison of microbody volume fraction ratios from drug treated groups (Fig, 2) . Our control data of volume fraction ratios of microbodies have also found to be comparable with those of published reports. 2, 6 Our second area of application has been in experimental pathology at the light microscopy level. In one experiment, hepatocyte parenchymal cells from rats treated with sodium he no barbital (100 mg/kg/day for six days) were measured and the results compared with control hepatocytes in order to statistically evaluate changes between groups. Three lobules were selected, at random, for each section (one section per animal) and the maximum diameter of 20 centrolobular cells from each lobule was measured (Total: 60 measurements per animal). The mean maximum diameter of the 60 hepatocytes per group was then calculated and a statistical comparison of the two groups done, using student's t-test. The cells 'of the group receiving sodium phenobarbital were shown to be significantly greater (P < .0001) in diameter than those of controls (10.8 pm vs. 7.5 pm). Thus, by use of morphometric analysis, biologically meaningful differences were detected and statistically confirmed.
CONCLUSIONS
The development of methodo~ogies and instrum-entation *has made possible the quantitative analysis of biological structures as a valid means of answering morphologic questions in toxicology or pathology. Such developments have enhanced what was previously a purely subjective interpretation of results to one which is objective and can be numerically proven. Statistical analysis of volume fraction ratios, surface volume and numerical densities can be applied at the biological level. The techniques and instrumentation implemented in morphometry allow the cell biologist greater insight and reliability of interpretation in the study of structure-function relationships. Furthermore, quantitative analysis enables the pathologist to detect any subtle pathologic changes which, when he is relying on qualitative or subjective analysis, might have gone unnoticed.
